Abstract. We evaluate how the coupled aerosol-chemistry-climate model SOCOL-AER represents the influence of the 1991 eruption of Mt. Pinatubo on stratospheric aerosol loading, aerosol microphysical processes, radiative effects, and atmospheric chemistry. The aerosol module includes comprehensive sulfur chemistry and microphysics, in which the particle size distribution is represented by 40 size bins spanning radii from 0.39 nm to 3.2 µm. Radiative forcing is computed online using aerosol optical properties calculated according to Mie theory. SOCOL-AER simulations are compared with satellite and in 5 situ measurements of aerosol parameters, temperature reanalyses, and ozone observations. In addition to the reference model configuration, we performed a series of sensitivity experiments looking at different processes affecting the aerosol layer. An accurate sedimentation scheme is found to be essential to prevent particles diffusing too rapidly to high and low altitudes.
Introduction
During the eruption of Mt. Pinatubo in June 1991, a large amount of sulfur dioxide was emitted into the stratosphere, leading to an enhancement of the stratospheric aerosol burden. The aerosol layer perturbed the Earth's radiative balance, resulting in a top- (Minnis et al., 1993) , a global surface cooling of ∼0. 4-0.5 K (Dutton and Christy, 1992; Thompson et al., 2009) , and a temperature increase of ∼2.5-3.5 K in the tropical nudged to observed wind profiles. Monthly mean sea surface temperatures (SSTs) and sea ice coverage (SIC) are prescribed.
Comprehensive sulfur surface emissions are also fully taken into account.
The 1991 Pinatubo eruption is introduced by an injection of 14 Tg SO 2 in the region 97 to observations (Guo et al., 2004) . SO 2 is released continuously from 14 to 15 June 1991 and spread between 16 to 30 km with a vertical mass distribution optimized according to Sheng et al. (2015a) , skewed to low altitudes with the mass peak between 18 and 21 km. This establishes a realistic initial mass loading of the eruption. All experiments are summarized in Table 1 aerosol radiative feedback, and coagulation efficiency uniformly set to one. In terms of module versions it replicates the model configuration used for the Tambora study (Marshall et al., 2017) .
By means of the experiment REF12 we estimate the model sensitivity to uncertainty in emission amount by lowering it to 12 Tg SO 2 . In the experiment termed RAD, the radiative fluxes are calculated using the SAGE-4λ dataset (Arfeuille et al., 5 2013) averaged over the period 1995-2002 instead of the interactively simulated aerosol distribution, which eliminates the radiative effects of volcanic aerosols. The experiment termed QBO is carried out without QBO, which leads to a weak easterly zonal wind in the tropical stratosphere. Both QBO nudging and interactive radiation are switched off in the experiment termed RADQBO. These three experiments allow us to identify the impact of QBO and radiative heating of volcanic aerosols on the evolution of the stratospheric aerosol burden after Pinatubo. We also consider two exploratory experiments concerning 10 the coagulation efficiency. The experiment termed COAG represents the coagulation efficiency as Lennard-Jones potential, i.e. a smooth function of the Knudsen number retrieved from the results in Figure 3 of Narsimhan and Ruckenstein (1985) with a Hamaker constant of 5 × 10
−19
J. As an approximation of attractive Van der Waals forces it enhances the coagulation efficiency in the transition regime (maximum enhancement larger than 2), but decreases it rapidly (less than 1) as the Knudsen number increases in the free molecular regime. The experiment termed UPWIND employs the upwind sedimentation scheme 15 (Benduhn and Lawrence, 2013) , while all other simulations use the more elaborate Walcek method with minimal numerical diffusion (Walcek, 2000) . This is sufficient to clarify the impact of different sedimentation schemes, though work by Benduhn and Lawrence (2013) presented a further improved modified Walcek method.
For each of these experiments we calculated five ensemble members. In the figures we show ensemble spread for the REF experiment and only ensemble means for other experiments to keep figures as uncomplicated as possible. In addition to Pinatubo, 20 for all runs we considered the smaller eruption of Cerrro Hudson in Chile in August 1991. We used the latest estimate of 2.3 Tg total SO 2 emitted (Miles et al., 2017) . Sensitivity studies with and without this event showed that its contribution is minor, since it is located at higher latitudes (45.5
• S), but we keep it for completeness.
3 Results and discussion 3.1 Aerosol Burden 25 Figure 1 shows the evolution of observation-derived and model-calculated stratospheric aerosol burdens in units of teragram (Tg) of sulfur globally integrated (a) and in the tropics (b). The High-Resolution Infrared Radiation Sounder (HIRS) measured the aerosol vertical column and derived total aerosol mass with about 10% uncertainties. HIRS includes tropospheric and stratospheric aerosols together (Baran and Foot, 1994) . In contrast, the limb-occultation measurements of SAGE II allow aerosols in the troposphere and stratosphere to be distinguished from one another. In this work the SAGE II-derived total 30 aerosol mass is represented by two data sets. The first one, the SAGE-4λ method (Arfeuille et al., 2013) , used within the Chemistry-Climate Model Initiative (CCMI), employs all four SAGE wavelengths with overall about 30% uncertainties for non-gap-filled data and higher uncertainties in data gaps filled by lidar station data. The second data set was recently compiled is similar to SAGE-4λ but refrains from employing the less reliable channel at 385 nm, thus considering only three SAGE wavelengths. Directly after Pinatubo the SAGE-3λ data set uses additional satellite and ground-based data for gap-filling.
More information about the SAGE-3,4λ composites can be found in a recent paper by Revell et al. (2017) .
During the first year after Pinatubo, the aerosol mass in both SAGE II-based data sets is noticeably lower than HIRS. This 5 is likely related to the saturation effects of SAGE II, as a limb-occultation instrument, during this period (Russell et al., 1996) .
The SAGE-3λ composite provides significantly larger burdens than its predecessor, due to additional data used in a gap-filling procedure (Revell et al., 2017) , but still much lower than HIRS. After this period, when the atmosphere becomes sufficiently transparent, SAGE II measurements are expected to provide more accurate aerosol extinctions. In contrast, the HIRS-derived mass becomes less reliable with time, when the aerosol cloud spreads to higher laltitudes with lower values that are close to 10 the noise level of the technique (Baran and Foot, 1994) . This suggests to trust the HIRS data up to mid-1992 and the SAGE data afterwards (Sheng et al., 2015a Mills et al. (2016) and Kleinschmitt et al. (2017) showed very similar time series of the global aerosol burden with initial emissions of 10 and 14 Tg of SO 2 , respectively. These studies, another work by Sekiya et al. (2016) The results of the sensitivity runs QBO, RAD and RADQBO are presented by the red curves. During the first few months after the Pinatubo eruption, the aerosol mass loading in the tropical reservoir is maintained by the balance between sedimentation and enhanced tropical upwelling due to radiative heating of the volcanic aerosols with the QBO in a strongly descending easterly phase (Trepte and Hitchman, 1992; Trepte et al., 1993) . Therefore, deactivation of each of these processes leads to 20 a stratospheric burden decrease mostly located in the tropics. About one year after the eruption the global aerosol burden in QBO and RAD is approximately 15% lower than in REF.
The experiment RADQBO shows a cumulative effect up to -30% around 1993. Gravitational sedimentation becomes a dominant removal process when particles grow sufficiently large after the Pinatubo eruption. With effective radii of 0.5 µm or more (Russell et al., 1996) This results in a slightly lower mass during 1-1.5 years after the eruption (effect of the downward diffusion), and a slightly larger mass later on (upward transported aerosols stay longer in the stratosphere). Although this diffusion effect is of numerical origin, for our model it increases the stratospheric lifetime of aerosols and leads to a better agreement with SAGE-3λ after To analyze the globally mean size distributions, in Fig. 3 we show the ratio of aerosol optical depths (AOD) at 565 nm and 940 nm for the column above 18 km, calculated from SAGE II-derived composites (blue curves) and from model results.
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These ratios are inversely related to the particle size: a smaller ratio corresponds to larger particles. In the early phase of the In general, all model experiments show the same global and local effects compared to each other and to the two observational datasets, in-situ OPC measurements and the satellite-based global composites SAGE-3λ and SAGE4λ. The main difference is seen during the pre-eruption time, as the model shows larger particles than OPC and smaller particles than SAGE, which can 30 be attributed to the local bias of model parameters. Figure 4 shows the latitudinal evolution of volcanic material as modelled and measured AOD in the visible part of the solar spectrum, which also represents the main direct climate forcing, since it defines the amount of scattered solar irradiance responsible for global cooling. In addition to SAGE II, we used data from the Advanced Very High Resolution Radiometer (AVHRR) satellite instrument, which makes observations over global oceans (Zhao et al., 2013) . Modeled and SAGE-3,4λ
Aerosol optical depth
AODs are obtained by vertically integrating the extinctions. We removed latitudes not observed by AVHRR for each month from the other data sets and subtracted background values from observations and calculations, thereby excluding also the contributions from tropospheric aerosols. Aerosol optical depths derived from SAGE II and AVHRR significantly disagree SAGE is that AVHRR shows a higher AOD peak in 1991 (two times higher in tropics), similar to the faster increase in early aerosol burden of HIRS (Fig. 1) . However, AVHRR reveals a much faster decay, so that starting from 1992 SAGE II-derived AOD is much larger than measured by AVHRR.
Modeling results are overall closer to AVHRR than to SAGE II-derived data. REF shows weaker south-and northward plumes in Fig. 4 , but perfectly captures the initial increase in the tropics seen by AVHRR. The lifetime of the initial tropical 5 cloud is also well captured compared to AVHRR, except for a small increase in early 1992, while in both SAGE II-based data sets the cloud persists for much longer. Similarly to the burden shown in Fig. 1 , starting from mid-1992 the model results are closer to SAGE-4λ than to SAGE-3λ. The experiment REF12 shows lower AODs that are, however, even closer to AVHRR.
The experiment without QBO shows that less mass is maintained in the tropics compared to REF, and therefore more mass is transported southward in 1991 following the Brewer-Dobson circulation. Th experiment with increased coagulation efficiency 10 (COAG) shows faster decay of initial AOD increase, while in UPWIND it is the opposite. Similarly to the size evolution discussed in the previous section, in general, details of all modeling experiments are also qualitatively consitent to those shown for the the burden in Fig. 1 .
Stratospheric temperature response
Lower tropical stratospheric warming after major eruptions is one of the key features of volcanic influence on climate (e.g.
15
Swingedouw et al., 2017). Besides being a forcing for the thermal wind balance, a mechanism through which volcanoes can affect high latitude troposheric circulation, this warming is also an important indicator for aerosol mass distribution in the stratosphere. Infrared absorption of volcanic aerosols does not critically depend on aeroso lparticle size, but the radiative warming is directly related to the total aerosol mass density (Lacis et al., 1992) . The difficulty of correct representation of post-volcanic stratospheric warmings is a known issue of global models. Key factors are, besides uncertainties in aerosol 20 distributions, model dynamics and radiative transfer, which in turn also depends on many factors such as spatial and spectral resolution, presence and quality of interactive chemistry and others (Eyring et al., 2006; Lanzante and Free, 2008; CCMVal, 2010) . better agreement with reanalyses at both levels, this apparent improvement comes with clear deteriorations in other quantities, such as too small particle sizes (Fig. 3) . The scenario with enhanced coagulation efficiency COAG is warmer at 70 hPa early in 1992, which is related to increased sedimentation of larger particles to lower altitudes. Results of the UPWIND scenario show To further understand the model results, we plotted the vertical aerosol mass distribution in the tropics for REF and the SAGE-3,4λ composites in Fig. 7 . We did not plot the vertical mass distributions from other experiments because they are all very similar to REF relative to SAGE data. There are small differences between experiments that are consistent with the 5 previous analysis, i.e. the UPWIND mass is more vertically diffused, while COAG results show faster decay of the whole aerosol cloud and therefore slightly more mass present at lower levels. The main difference of all model experiments to SAGE II-derived data and especially to the latest SAGE-3λ composite in Fig. 7 is the presence of a large amount of aerosol mass in 1991 in the lowermost stratosphere, i.e. below approximately 60 hPa, which is not consistent with SAGE. Potentially the SAGE II-derived data can be still influenced by the known problems in observing the lower stratosphere, which became opaque for limb-occultation instruments in 1991 (Russell et al., 1996) . This is partly confirmed by comparison of SAGE II-derived 5 data with HIRS and AVHRR in previous sections. However, recently Revell et al. (2017) analysed the stratospheric warming after Pinatubo using SOCOLvs3, which has the same dynamical and chemical cores as SOCOL-AER, but used prescribed aerosols from the SAGE-4λ and SAGE-3λ composites. They found that model simulations driven by SAGE-3λ aerosols are much closer to temperature reanalyses than simulations driven by SAGE-4λ, which also has more aerosol mass present in the lowermost tropical stratosphere. All other experiments are shown as ensemble means.
with further consequences for the tropics (e.g. Toohey et al., 2014) . Comparison of REF and SAGE results in Figs. 6 and 7 for period after 1991 also suggests that relation of the vertical distribution of aerosol mass and the resulting warming is nonlinear and needs further detailed investigation separating dynamical and radiative effects.
Ozone response
The response of ozone to major volcanic eruptions is subject to the plethora of dynamical and radiative stratospheric feedbacks including changes in heterogeneous chemistry. (Muthers et al., 2015) showed that even a sign of the total ozone response after a volcanic eruption depends on the background halogen loading of the stratosphere. Volcanic eruptions can in principle also contribute to the stratospheric chlorine which further affects ozone, but there was no significant increase in stratospheric 5 chlorine observed after Pinatubo (Webster et al., 1998) . 
Conclusions and discussion
We have simulated the temporal and spatial development of stratospheric aerosols following the 1991 Pinatubo eruption, as well 15 as temperature and ozone responses, using SOCOL-AER, a free-running 3-D global chemistry-climate model coupled with a particle-size resolving aerosol module. The simulations explore the rolse of the QBO, aerosol radiative heating, sedimentation scheme and coagulation efficiency in the evolution of the stratospheric aerosol after Pinatubo.
The results show that QBO and interactive aerosol radiative heating play a significant role in maintaining the tropical stratospheric aerosol reservoir over the whole course of the volcanic aerosol cloud evolution. Furthermore, the results suggest that 20 an accurate sedimentation scheme helps to significantly improve the model's ability to reproduce stratospheric aerosol. Numerically diffusive methods, such as a simple upwind method, must be avoided in modeling studies of large volcanic eruptions to prevent artificially fast spreading of particles to high and low altitudes. A more sophisticated coagulation scheme is capable of improving the comparisons with in situ particle size measurements as well as with satellite-borne extinction ratios, which are a proxy for particle sizes. On the other hand, the improved coagulation scheme leads to too rapid sedimentation and loss of 25 stratospheric aerosol mass, which become noticeable in the model about one year after the eruption.
There is significant uncertainty among the observational data of different aerosol parameters. Observations differ by up to ±15% in the global aerosol burden, ±30% in aerosol optical depth and spatiotemporal aerosol distribution in the two years following the eruption, ±40% in the effective particle radii, ±15% in the lower stratospheric temperature anomalies. This renders the exact determination of the required emitted sulfur amount difficult. Thus, the vertically integrated tropical mass 30 simulated by the reference experiment in 1991 (Fig. 1b) is in good agreement with HIRS, but later experiences faster decay that is not consitent with HIRS and SAGE-3λ but closer to SAGE-4λ. Considering this fact and relying on SAGE-3λ after 1991, we can assume that our 14 Tg estimate of initial emission was still sufficient for our model, but the vertical distribution of resulting aerosols could be incorrectly shifted to the lowermost levels. This fact could be responsible for the main modelling deficiency found, namely the 1-2 K larger warming that is inconsistent with temperature renalyses. It could also explain the integrated modelled burden diffrerence to SAGE-3λ since 1992 (Fig. 1) , as the mass located at lower levels also sediments faster to the troposphere, despite increased buoyancy produced by addional warming. However, if not relying on SAGE-3λ, our model reveals a very good agreement with AVHRR instrument in terms of AOD in the visible part of the spectrum (Figs. activity (SSiRC, http://www.sparc-ssirc.org/), but, as was also shown here, aerosol observational uncertainty concerning the eruption of Mt. Pinatubo is high and will complicate the derivation of exact conclusions for certain processes and models.
Another strong eruption similar to Pinatubo could significantly improve our understanding of the underlying microphysical and transport processes, given recent advances in measuring techniques (Kremser et al., 2016) . 
